Investigations are given of the influence of thermal, thermochemical treatment of die steels on the development of thermomechanical fatigue cracks depending on the temperature-force effects characteristic of hot deformation dies. As the evaluation criteria for the thermomechanical fatigue resistance of surface hardened die steels, the moment of nucleation, their quantity, and the depth of propagation were used. The study of the laws of the development of thermomechanical fatigue cracks in die steels in copper melts is carried out in an analogous manner, which provides a similarity to the operational loading of the material according to the local stress-strain state and the conditions of interaction with the molten melt. Dependences of the depth and number of cracks formed in 4X4VMFS DI22 die steel, hardened by various methods, on the number of loading cycles are established. It has been established that the performance of a stamping tool in a variant with diffusion hardening is determined by the specific laws of softening and destruction of contact zones. Moreover, the occurrence of cracks in the initial stages of operation is not decisive. The positive effect of boriding and nitriding on the performance of the dies is associated with increased structural stability of the diffusion saturation zones, which ensures the maintenance of a high level of mechanical characteristics of the tool working surfaces -hardness, strength, and as a result of high wear resistance. The analysis of the results of studies of the patterns of crack formation in steel 4X4VMFS DI22, subjected to various hardening methods, indicates the promising use of nitriding and boriding to increase the life of dies.
Introduction
The high pace of development of engineering and other industries determine the ever-increasing need for highly resistant technological equipment for stamping and injection molding processes, which are experiencing a complex loading complex. Numerous factors affecting the durability of dies can be divided into metallurgical, technological, structural, operational. A variety of factors determines the complex nature of die wear -thermomechanical fatigue, crushing, wear, etc. The results of studies of tool materials using standard testing methods for special characteristics (resistance to crack development of thermomechanical fatigue, etc.) and mechanical properties do not provide sufficient information to predict the technological resistance equipment. This is due to the fact that the loading conditions of the samples do not correspond to the loading conditions of the equipment. In this regard, a systematic study of the laws of behavior of tool materials for dies of solid-liquid die stamping under specific conditions of temperature-force impact and interaction with melts characteristic of operational ones for a specific tool group is an urgent task [1 -5] . Hardening of the working surfaces of a heavily loaded tool for hot deformation and injection molds using nitriding, cyanidation, etc. methods have received limited distribution. The latter is associated with low resistance to thermomechanical fatigue of diffusion saturation layers. The adverse effect of thermochemical treatment on the occurrence of thermomechanical fatigue cracks is explained by a high level of initial stresses in the layers due to microstructural heterogeneity, high hardness and, as a consequence, increased fragility [1, 2, 6 -10] . In the present work, when studying the thermomechanical fatigue resistance of surface-hardened steel samples 4X4VMFS DI22 as applied to the loading of Avtoforge dies, a complex evaluation criterion is proposed that takes into account the number of cracks (n) and the average depth (Havg) due to the duration of the cyclic temperature force impact. The purpose of the work is to establish the laws of formation of thermomechanical fatigue cracks in surface-hardened die steels in various ways to improve the performance of the die tool.
Methods
The study of the laws of development of thermomechanical fatigue cracks in die steels when interacting with a copper melt is carried out by the analog method according to the procedure [11] , which provides a similarity to the operational loading of the material according to the local stress-strain state and the conditions of interaction with the molten melt. The schematic diagram of the testing of die steels is shown in Fig. 1 . The tin-zinc-lead bronze melt was preliminarily cooled in a crystallizer to a two-phase solid-liquid state, then it was fed under pressure to the studied zone of die steel samples until complete crystallization. The studied samples 1, 2 of rectangular cross section with dimensions of 2 × 10 × 80 mm were placed in a bath with a cooling medium. The upper zone of the samples through slotted running channels 3 and 5 was exposed to a movable solid-liquid tin-zinc-lead bronze alloy when it was pressed using a punch 6 from mold 7. During the pressing process, the partially crystallized bronze was destroyed and passing through the running channels 3 and 5, heated the studied zones of samples 1 and 2. As a result, the processes of thermomechanical fatigue developed in the samples, since both liquid and solid phases entered into contact with them. After complete crystallization under pressure, the pressed bronze was removed, and the surface of the samples was examined for the occurrence of thermomechanical fatigue cracks with a fixed cycling base. The temperature of the crystallized billet of solid-liquid tin-zinc-lead bronze was 7800C. The duration of the active pressing cycle was 3.0 s., Pauses -25 s. The specific pressure during pressing was ≈ 1400 MPa. Assessment of the number of cracks (n) was carried out on the test surface in the middle of the sample in a 3 mm section. The penetration depth of thermomechanical fatigue cracks was measured on the side surface of the sample. To reduce the measurement error of cracks due to the skin effect, the samples on the side surface were ground to a depth of 0.3 mm. Previously, using magnetic-field test on the surface of the samples, the indicator was determined, N is the number of loading cycles until the first cracks appear. Subsequently, the samples were studied after 250, 500, 750, 1000, and 2500 pressing cycles. The experimental data were approximated according to the procedure [12] using Microsoft Excel software.
Results and Discussion
The results of studies of the influence of surface hardening regimes on the performance of steel 4X4VMFS DI22 are shown in the An analysis of the data indicates that surface hardening with nitriding and boriding of 4X4VMFS DI22 negatively affects the resistance of the surface layers to the appearance of the first cracks, with boron samples having the lowest rate. In the case under consideration, a large number of cracks (n = 12 pcs.) Appear clearly manifested after a short loading stage (N = 5 cycles). The crack propagation depth (Havg) initially does not exceed 0.01 mm. With an increase in the number of loading cycles, the indicator of the depth of propagation of cracks, Нср changes slightly; in this case, the crack depth at N = 250 cycles is commensurate with the depth of the borated layer (δ ≈ 0.01 mm). With a further increase, stabilization of crack development is noted both in a quantitative ratio and in depth. A similar pattern of the appearance and development of cracks is observed for the nitrided layer. However, the N index and crack depth (Нavg) are significantly higher than for the boriding layer (Table 1, Fig. 2 ). The increased hardness and brittleness of the borated and nitrided layers and the presence of a high level of residual stresses contribute to the early occurrence of cracks. At the same time, the increased heat resistance and low thermal conductivity of the surface hardened layers, the presence of cracks, and relaxing stresses from external influences significantly inhibit the destruction of the material, which manifests itself in stabilization of crack formation during the subsequent accumulation of the number of cracks (n). The process of destruction of steel samples 4X4VMFS DI22 without thermochemical treatment significantly differs from surface hardened (Fig. 3) . The occurrence of the first thermomechanical fatigue cracks on samples not subjected to thermochemical treatment is observed at a later stage of cycling (N = 122 cycles). In this case, many tiny cracks (defects) with sizes ≈ 0.001 -0.02 mm appear on the surface of the samples (Fig. 4c) . A further increase in the number of cycles (N> 250 cycles) leads to the predominant development of single cracks. The penetration depth of single cracks (Fig. 4, c) is significantly greater than in the samples after nitriding and boriding ( Fig. 4, a, b ). Starting with N> 2000 cycles, dents appear on the contact surface of samples without surface hardening. The results of microhardness measurements in the considered section of the specimen indicate an intense softening of the surface layers of the dies.
Summary
The performance of the stamping tool in the variant with diffusion hardening is determined by the specific laws of softening and destruction of contact zones. Moreover, the occurrence of cracks in the initial stages of operation is not decisive. The positive effect of boriding and nitriding on the performance of AutoForge dies is associated with increased structural stability of the diffusion saturation zones, which ensures the maintenance of a high level of mechanical characteristics of the tool's working surfaces -hardness, strength, and as a result of high wear resistance.
Conclusions
The analysis of the results of studies of the laws of crack formation in steel 4X4VMFS DI22, subjected to various hardening methods, indicates the promising use of nitriding and boriding to increase the life of dies.
